The prognosis for patients with pancreatic cancer remains poor despite increased knowledge of its molecular genetics and histopathological progression. Pancreatic cancer is a complicated, heterogeneous tumor with several common genetic alterations. Aberrant epidermal growth factor receptor (EGFR) expression can be found in chronic pancreatitis and in preinvasive and invasive pancreatic cancer. Therefore targeting this receptor, through monoclonal antibodies or downstream inhibition of tyrosine kinase activity, has the potential to produce encouraging results. Despite this, the majority of targeted therapies against EGFR have not performed as expected in clinical trials of pancreatic cancer. Understanding mechanisms of resistance and identification of pertinent biomarkers of efficacy will likely lead to further optimization of EGFR-directed treatment. In this article, we discuss the role of EGFR in the development and progression of pancreatic cancer, mechanisms of action of EGFR-directed agents, and the future of epidermal growth factor targeted-therapy and research in pancreatic cancer.
Introduction
Pancreatic cancer is one of the most lethal human cancers because of late presentation, early metastases, and resistance of tumor cells to conventional treatments, such as radiation and chemotherapy. It is the fourth most common cause of cancer deaths in the USA, with dismal 5-year survival rates of less than 5% that have remained largely unchanged for several decades. 1 Substantial efforts to understand the molecular genetics of pancreatic cancer have identified several common mutations and a plethora of less common genetic alterations. 2 The average pancreatic cancer genome contains approximately one mutation per megabase, revealing it to be a complicated heterogeneous tumor. 3 A thorough understanding of this genetic complexity is essential to even begin to comprehend the interactions of the multiple signaling cascades that are involved in the initiation and maintenance of this cancer.
Increased knowledge of the genetic and molecular nature of cancer aids us in developing agents that can specifically target these abnormalities. The epidermal growth factor receptor family of receptor tyrosine kinases (RTKs) includes the epidermal growth factor receptor (EGFR) HER1 (also known as ErbB1), HER2 (also known as Neu/ErbB2), HER3 (also known as ErbB3), and HER4 (also known as ErbB4) receptors. These transmembrane glycoproteins are activated by ligands, expressed in many cell types, and have a diverse role in normal cell proliferation and differentiation. ErbB family members are overexpressed or mutated in many different types of cancer, including pancreatic cancer. 4 EGFR is also overexpressed in chronic pancreatitis, submit your manuscript | www.dovepress.com
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Cook et al a risk factor for pancreatic cancer. Due to its varied role in the development, growth, and survival of cancer cells, it has been actively pursued as an anticancer therapy, 5 and there are now multiple antibodies and small molecular tyrosine kinase inhibitors available that target EGFR.
This review aims to assess the role the EGFR family has in the development and progression of pancreatic cancer. It explores the research that has been performed thus far, both preclinically and clinically, and considers the impact EGFR has had on the treatment and understanding of pancreatic cancer. However, before embarking on EGFR and pancreatic cancer, it is important to first understand the development, genetics, and treatment of pancreatic cancer and the role that the EGFR family plays in cancer in general.
Pancreatic cancer Development and genetics of pancreatic cancer
Pancreatic ductal adenocarcinoma (PDA) is the most common type of pancreatic cancer, presumably arising from the exocrine part of the pancreas. To date there have been multiple precursor lesions identified, including mucinous cystic neoplasia, intraductal papillary mucinous neoplasia, 6 and pancreatic intraepithelial neoplasia (PanIN). PanIN are perhaps the best characterized histological precursor to PDA and are common findings from autopsy studies in adults. 7 Chronic pancreatitis has also been linked to the development of pancreatic cancer. Both molecular genetics and mouse models of pancreatic cancer suggest that acinar to ductal metaplasia (ADM) is a precursor to the development of the earliest stage of PanINs. 8, 9 Despite the few proven therapeutic options available for the treatment of pancreatic cancer, intensive characterization of its molecular genetics has clarified the spectrum of mutations present within the disease. 10 A comprehensive genetic analysis of 24 human PDAs revealed that, on average, a mature pancreatic cancer cell contains 63 genetic alterations per cancer exome. These can then be grouped into 12 core signaling pathways. 2 Among the most common alterations in PDA are activating mutations in the KRAS proto-oncogene. Such mutations are found in almost 95% of human cases and have the effect of impairing the ability of KRAS to hydrolyze guanosine triphosphate (GTP) to guanosine diphosphate (GDP), effectively locking the KRAS protein in an active signaling conformation. 11 This causes constitutive signaling to classical effector pathways, Raf, PI3 Kinase, and RalGDS, in the absence of exogenous growth factors. 12 The second commonest alterations are inactivating mutations in the p16INK4a gene (90% of cases). 13 Other common alterations include mutation of TP53 (approximately 75% of cases), SMAD4 (55%), and BRCA2 (10%). [13] [14] [15] These alterations result in several of the hallmarks of cancer, including bypass of DNA-damage checkpoints, avoidance of apoptotic signals, induction of genomic instability, and activation of aberrant signal transduction. These genetic changes accumulate and are found with increasing frequency in higher grade PanIN lesions. This has led to the understanding that KRAS and INK4A alterations are early events in PDA development, while loss or mutation of SMAD4 and p53 tend to occur later. 16 
EGFR
HeR family signaling
The EGFR family consists of four RTKs, which we will refer to in this article as EGFR, HER2, HER3, and HER4. Members of this family of receptors are expressed in many different cell types and play varied roles in development, proliferation, differentiation, and apoptosis. 2 They can activate a variety of downstream pathways including the Ras/ mitogen-activating protein (MAP) kinase pathway, the PI3K/ protein kinase B (Akt) pathway, v-Src avian sarcoma viral oncogene homolog (Src) family kinases, and signal transducers and activator of transcription (STAT) proteins. 17, 18 This results in upregulation of mitogenic, antiapoptotic, angiogenic, and proinvasive cellular mechanisms. As these cellular processes are often deregulated in cancer, this can then promote unregulated growth stimulation and development of tumors, in cancer types including breast, lung, brain, colon, and pancreas. 5 The EGFR is a classical RTK, for which ligand binding stabilizes the formation of receptor homo-or heterodimers within the plasma membrane. The seven known receptor dimer combinations and ten interacting ligands enable quite complicated signaling cascades (Figure 1) . 19 The HER4 receptor is structurally similar to EGFR and is capable of ligand-dependent homodimerization and heterodimerization. Conversely, HER2 receptors have no known direct ligand and have been shown to elicit both ligand-dependent and ligand-independent dimerization. 20 HER3 receptors can undergo ligand-dependent dimerization; however these receptors lack a functional kinase domain and therefore require heterodimerization for active signal transduction. Autophosphorylation of one intracellular kinase domain by the other initiates cytoplasmic signal transduction cascades that can vary depending on the nature, duration, and context of receptor activation (Figure 2 ). Upon ligand binding, receptors are internalized via receptor-mediated endocytosis, where they can then either be degraded, recycled back to the plasma membrane, or translocate to the nucleus via nuclear import proteins, such as importin-beta. 21 Although studies on the role of nuclear EGFR are limited, this has been shown to interact with several transcription factors, including STAT3, STAT5A, E2F transcription factor 1 (E2F1), and DNA-dependent protein kinase (DNA-PK), 22, 23 and has been found to have an essential role in promoting DNA replication and repair. A more detailed discussion of the biology of the EGFR family, its relationship to different cancers, and anti-EGFR/ErbB therapies can be found in two excellent review articles.
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Relevance of eGFR in cancer Inappropriate activation of EGFR in cancer can occur through a variety of different mechanisms, including overexpression, point mutations, partial deletions, liganddependent receptor dimerization, and ligand-independent activation. 19 EGFR signaling is initiated at the cell membrane and transmitted to the nucleus via cytoplasmic intermediates. 21 Interestingly EGFR and its family members have been consistently found in the nucleus of tumor specimens associated with a poor clinical prognosis in cancer types such as ovarian, oropharyngeal, lung, and breast cancer. [25] [26] [27] [28] [29] EGFR has also been identified as a transcriptional coactivator for many cancer-promoting genes, including cyclin D1, 21 iNOS, 22 COX-2 30 and c-myc. 31 In addition to the role EGFR signaling plays in tumor cells, it can also play an important role in the tumor microenvironment (TME). EGFR has been shown to be expressed in non-neoplastic cell types in the TME. It can stimulate the synthesis of a number of angiogenesis-related factors, including vascular endothelial growth factor (VEGF), interleukin-8, and basic fibroblast growth factor. 32 Therefore EGFR signaling may play an important supportive role in tumor cell proliferation, angiogenesis, and metastasis. 33 
Targeting eGFR in cancer
Due to the frequent activation of the EGFR family members in cancer, there have been multiple small-molecule tyrosine kinase inhibitors (TKIs) and monoclonal antibodies developed against them, particularly the EGF and HER2 receptors ( Figure 2 ). Small-molecule TKIs inhibit EGFR signaling by competing with adenosine-5′-triphosphate (ATP) for the intracellular tyrosine kinase domain of the receptor, thereby preventing the autophosphorylation and activation of signaling pathways downstream of EGFR. 19 
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Cook et al in its inactivated position. Once bound, they prevent ligand binding and receptor dimerization, therefore blocking endogenous ligand activation of EGFR in a highly specific way. 34 Examples currently used in the clinical treatment of patients include cetuximab, an immunoglobulin G (IgG)1 chimeric antibody, and panitumumab, a fully humanized IgG2 antibody. The most investigated anti-HER2 antibody is trastuzumab, the first monoclonal antibody to be approved by the US Food and Drug Administration (FDA) in 1998. 35 In contrast, there are only a few agents that target HER3 and HER4 that have thus far progressed to the clinic. Perhaps the most famous anti-HER4 agent in early stage trials currently is dacomitinib, an irreversible inhibitor of EGFR, HER2, and HER4.
36
EGFR and the development of pancreatic cancer
Due to the difficulty of diagnosing PDA at an early stage, most of the research examining the effect of EGFR in the development of pancreatic cancer has been performed in cell culture or in preclinical mouse models. However, there are some immunohistochemical (IHC) studies that have managed to look at PDA-associated PanIN in surgical specimens. An early IHC analysis of PanIN lesions revealed HER2 overexpression in over 80% of PanIN1a lesions. 37 Subsequent studies in KRAS G12D -driven mouse models of pancreatic cancer demonstrated that EGFR and HER2 are frequently overexpressed in ADM and PanIN1a lesions, 8, 38 indicating that activation of the EGFR signaling axis is an early event in pancreatic carcinogenesis. The first direct evidence of a role for EGFR signaling in the development of pancreatic cancer came from transgenic mice overexpressing the EGF ligand transforming growth factor (TGFα) in the pancreas. 39, 40 Metallothionein-TGFα and elastase-TGFα transgenic mice developed widespread acinar-ductal metaplasia by 3 months of age, and the additional knockout of p53 accelerated the development of carcinomas. 41 Interestingly, mice expressing the EGF ligand amphiregulin from the elastase promoter displayed ductal cell hyperplasia rather than ADM, indicating that not all EGF ligands behave similarly. Correspondingly, PanIN lesions in a murine model of pancreatic cancer expressed TGFα, but not EGF. 42 In vitro experiments utilizing acinar explants revealed that TGFα-mediated EGFR activation promoted ADM via a Notch-dependent mechanism. 43, 44 Additionally, expression of KRAS G12D promotes ADM both in vitro and in vivo, via an EGFR-dependent mechanism. More recently, two comprehensive studies demonstrated a requirement for EGFR in ADM and tumor formation in genetically engineered mouse models of pancreatic cancer. 45, 46 Deletion of Notes: Upon dimerization, receptor phosphorylations serve as docking sites for several cytoplasmic signaling molecules. Those depicted are the best characterized but are not meant to be exhaustive. Therapeutics that target this pathway, including small-molecule tyrosine kinase inhibitors and antibodies, are also depicted. Abbreviations: AKT, protein kinase B; eGFR, epidermal growth factor receptor; eRK, extracellular signal-regulated kinase; GDP, guanosine diphosphate; Grb2, growth factor receptor-bound protein 2; GTP, guanosine triphosphate; Jak, Janus kinase; Mek, mitogen-activated protein/extracellular signal-regulated kinase kinase; Pi3K, phosphoinositide 3′-kinase; PLC, phospholipase C; Raf, rapidly accelerated fibrosarcoma; Ras, rat sarcoma; Shc, Src homology 2 domain-containing; Sos, son of sevenless homolog 1; STAT, signal transducers and activator of transcription. 
EGFR and the progression of pancreatic cancer
The role for EGFR in tumor maintenance and progression is less clear; however, multiple studies have been published utilizing patient samples. Both receptors and ligands have been shown to be overexpressed in frank carcinomas; however, the relevance of these observations remains controversial. Experiments examining the effect of EGFR in cell lines have shown that cells can undergo cell cycle arrest, apoptosis, or remain indifferent, depending on the cell line and assay used. Despite numerous attempts to identify biomarkers predictive of response, there have been conflicting results regarding the predictive value of gene amplification, receptor overexpression, and receptor phosphorylation. The most systematic approach investigated the sensitivity of 639 human cancer cell lines, including 17 pancreatic lines, for sensitivity to erlotinib, gefitinib, afatinib, and lapatinib. 47 Despite promising results, such as the association of lapatinib sensitivity with cell lines with either HER2 overexpression or mutation, there was no overlap of genes predicting sensitivity or resistance for all four inhibitors tested. The association that most closely approaches significance is the well-documented role for KRAS/NRAS mutations in resistance to EGFR-targeted therapies. 48 While these data may reflect the idiosyncrasies of each inhibitor, they nonetheless underscore the labyrinthine nature of biomarker discovery.
The use of genetically engineered mouse models and patient-derived xenografts are generally considered more representative of the human disease compared with cell lines and thus have been used to study disease progression and response to treatment. Although genetic ablation or therapeutic inhibition of EGFR can markedly reduce the initiation of pancreatic cancer in mice, treatment of radiographically-confirmed tumors with erlotinib alone or in combination with gemcitabine failed to extend survival. 45 In a more promising study of pancreatic cancer patient-derived xenografts, six out of ten pancreatic tumor models exhibited a statistically significant, albeit modest growth inhibition by either erlotinib or cetuximab treatment, whereas two out of ten tumor models exhibited dramatic growth inhibition or regression by both agents. 49 Consistent with clinical results, neither KRAS status nor IHC-based assessment of the EGFR pathway could predict sensitivity; however, gene set enrichment analysis uncovered a transcriptional signature that successfully predicted the sensitivity of an independent set of xenografts to erlotinib.
The following sections focus on the known role of each EGFR family member in the progression of pancreatic cancer in human specimens.
eGFR EGFR overexpression or amplification in advanced pancreatic cancer occurs in anywhere between 30% and 95% of cases examined. [50] [51] [52] [53] [54] In one study, using tissue microarrays from PDA patients, EGFR expression was present in 49 of 71 (69%) cases of PDA compared with seven of 18 (39%) cases of chronic pancreatitis (P=0.03). 51 This research also revealed that median survival was nearly twice as long when EGFR was expressed (15.2 versus [vs] 8.3 months); however, this was not statistically significant. Other studies have shown that EGFR overexpression is either associated with decreased survival 55, 56 or not associated with survival at all. 54 Research has also examined the role EGFR may play in the development of metastases from PDA. One IHC study demonstrated that EGF and EGFR expression correlated with lymph node involvement and metastases in 36 PDA patients. 57 Another study revealed that EGFR overexpression was significantly associated with the metastatic status of the 77 cases examined. 52 There is also evidence that EGFR may play a role in the TME, 58 with inhibition of the pathway leading to apoptosis in endothelial cells in vivo. 59 Therefore, although there is evidence of overexpression of EGFR in PDA and indications that it can play a role in metastatic development and the TME, the prognostic significance of these findings remains uncertain due to conflicting results in studies with mostly small numbers of patients.
HER2
HER2 amplification or overexpression is less commonly seen in pancreatic cancer compared with EGFR expression. When HER2 is overexpressed, it has been shown to correlate with shortened survival. 60, 61 A recent study using whole genome sequencing and single nucleotide polymorphism (SNP) arrays in a large cohort (n=469) of PDA patients revealed HER2 amplification in only 2% of PDA patients. 62 Interestingly, in patients where HER2 was amplified, there was a preponderance of lung and brain metastases, and a 
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Cook et al tendency to avoid liver metastases. 62 A recent Phase II trial found HER2 overexpression present in 11% of patients. 63 Due to low response rates, a post hoc analysis of patients' HER2 status was then performed. The investigators analyzed eleven out of 17 highly-overexpressing HER2 samples for HER2 gene amplification. Interestingly, only seven samples tested positive (64%) and there was no improvement in this trial in progression-free survival (PFS) or overall survival (OS) with anti-HER2 therapy (discussed in Targeting the EGFR pathway in PDA patients). Other studies, with fewer patient samples, have revealed HER2 expression (via IHC and gene amplification) in 16%-45% of patients with pancreatic cancer. 61, [64] [65] [66] In view of the discordance between HER2 amplification and IHC expression of HER2, there may be other active dysregulated cancer pathways contributing to the HER2 protein overexpression. The research performed to date suggests anti-HER2 therapy is unlikely to be effective unless combined with other molecularly targeted agents, with strong scientific rationale underlying the combination.
HER3 and HER4
Evidence for the function for HER3 and HER4 in the progression of pancreatic cancer has been underexamined compared with HER2 and EGFR. A recent meta-analysis investigated the role of HER3 overexpression and prognostic impact in solid tumors, revealing that overexpression of HER3 was associated with a worse survival in all of the studies analyzed, including one involving pancreatic cancer patients. 67 The pancreatic cancer study in this meta-analysis examined tissue samples from 126 patients with pancreatic cancer and performed IHC for HER3. The researchers discovered HER3 overexpression in 41% of cases, which was associated with a poorer prognosis (HER3 overexpression median survival was 37.2 months, whereas HER3-negative sample median survival was 58.6 months) (P=0.008). They did not examine other members of the EGFR family. Another study examined HER3 expression in normal human pancreas, human pancreatic cancer cell lines, and 58 human pancreatic carcinomas. 68 This revealed an increase in HER3 messenger ribonucleic acid (mRNA) and protein levels in cancer compared with normal pancreas, which was associated with poorer survival and advanced tumor stage. However, a more recent report utilized tissue from 45 surgical patients with pancreatic cancer and examined all EGFR family members by IHC or in situ hybridization (ISH). 69 The investigators discovered normal pancreatic tissues had HER3 and HER4 expression but no HER1 or HER2 expression. In the same patients, they then examined the pancreatic tumors and found loss of cytoplasmic HER3 and HER4 in 73% and 18% of cases, respectively. They did not find any of the HER family members to be associated with survival.
Other research has assessed HER4 expression and function in pancreatic tumor cell lines and tumors. [70] [71] [72] HER4 transcription has been shown to be expressed in normal ductal cells but decreased in advanced disease, suggesting it may be a necessary for tumor initiation.
71 HER4 is also thought to be associated with a favorable stage of tumor. 72 The studies published to date suggest that HER4 may be important in the early stages of pancreatic cancer but not for the late stages.
In summary, as in the case of EGFR, the role of HER3 and HER4 in the progression of pancreatic cancer is controversial, with some studies revealing that overexpression is associated with a poor prognosis and some revealing no association. However, research has mainly been confined to retrospective studies in small cohorts of PDA patient tissue samples. Therapies to target HER3 and HER4 are in development; however, it is necessary to better understand their role in the progression of pancreatic cancer to decide whether this would be a potential therapeutic option for patients. Whether this could be performed in well-designed translational clinical trials or using cell lines and mouse models of pancreatic cancer remains to be determined.
Targeted therapies, EGFR and pancreatic cancer Targeted therapies for PDA
Since the majority of patients with PDA develop advanced metastatic disease, and chemotherapeutics have limited impact on survival, improvements in systemic-targeted therapies are desperately needed. As KRAS mutations are the commonest mutations found in PDA, this would be a logical therapeutic target. Unfortunately, the specific biochemical properties of the KRAS protein have made this a very difficult task to undertake and to date, there are no effective KRAS inhibitors available. Apart from one randomized Phase III trial, the National Cancer Institute of Canada Clinical Trials Group (NCIC CTG) PA3 trial 76 (discussed in Targeting the EGFR pathway in PDA patients), no targeted therapy studies have shown a significant improvement in median OS in advanced PDA, despite multiple different therapies being tested, alone and in combination. Recently, two trials investigating combined chemotherapy use in advanced PDA have reported encouraging results for improving OS. [73] [74] [75] There is obviously potential for combining targeted agents with chemotherapy; however, the question of whether this will add any further benefit, without excessive toxicity, remains to be answered. Targeted agents can have toxicities, such as skin rash, hypertension, and gastrointestinal disturbances, which can all affect patients' quality of life, and for the small benefits seen thus far and high costs, there would be no reason to use these unless we develop potential biomarkers of response to treatment.
Targeting the eGFR pathway in PDA patients
Many different strategies have been utilized to target the EGFR pathway in pancreatic cancer patients. The two main approaches have examined the effects of TKIs and monoclonal antibodies. However, despite many encouraging Phase II trial results in advanced pancreatic cancer there has been an absence of clinically significant published results in the Phase II randomized or Phase III setting (Tables 1 and 2 ). Thus far, four phase III trials in advanced pancreatic cancer have been completed and published examining targeted therapies against EGFR (Table 1) . Table 2 summarizes the majority of published Phase II trials involving anti-EGFRdirected therapies. The NCIC CTG performed the only trial to demonstrate an OS benefit from the addition of EGFR-targeted therapy to standard gemcitabine chemotherapy in pancreatic cancer. 76 This was a randomized, placebo-controlled, Phase III trial comparing erlotinib in combination with gemcitabine to gemcitabine alone, in patients with locally advanced or metastatic pancreatic cancer (the PA3 trial). The difference in median OS between the erlotinib and placebo groups was modest (6.24 months vs 5.91 months); however, there was a significant decrease in the hazard ratio (HR) for death (0.82) (P=0.04) and a significant improvement in the 1-year survival rate (23% compared with 17%) (P=0.02). 76 The outcome of patients treated with erlotinib was not related to EGFR status (assessed by IHC and fluorescence in situ hybridization [FISH] ). 76, 77 Translational results from this trial are discussed in the section "EGFR and resistance in pancreatic cancer".
Following on from these results, a Phase III randomized study was initiated to investigate the addition of bevacizumab, a VEGF-inhibitor. Patients were randomized to receive placebo or bevacizumab, in combination with gemcitabine and erlotinib. The median OS was not significantly different between the two groups (6.0 months for the placebo arm compared with 7.1 months in the bevacizumab arm). 78 Other Phase II trials have also examined the combination of EGFR-(antibody or TKI-based treatment) and VEGF-targeted therapy in advanced pancreatic cancer, with no statistically significant differences in response rate or OS. 34, 79, 80 A further large VEGF study has also been negative, 81 and the addition of VEGF therapy to EGFR therapy in advanced PDA should not be recommended unless biomarkers of VEGF response are discovered. 82 The Phase III AIO-PK0104 trial randomized patients with advanced pancreatic cancer to either gemcitabine and erlotinib followed by capecitabine, or capecitabine and erlotinib followed by gemcitabine. 83 As both arms of the study contained erlotinib, they could not assess a difference in OS with the addition of an EGFR-targeted therapy. Interestingly, there were nearly identical survival statistics for the gemcitabine/erlotinib arm in AIO-PK0104 and in PA3. Both of these trials also found that skin rash strongly correlated with efficacy in pancreatic cancer patients treated with erlotinib. 76, 83 Based on the results of the PA3 trial, an interesting Phase II trial was undertaken to determine the efficacy of erlotinib, dosed to achieve a 
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Cook et al rash, in 50 patients with refractory advanced PDA. 84 The dose of erlotinib was increased until . grade 1 rash or other dose-limiting toxicities occurred. The primary end point was prolonged disease control (partial response plus stable disease for .8 weeks) and was observed in ten out of 40 evaluable patients. Another first-line study examined the effect of erlotinib dose escalation in patient with metastatic pancreatic cancer. 85 In this study, the erlotinib dose-escalation strategy induced rash in 41% of patients but was not associated with increased clinical benefit compared with the standard erlotinib dose of 100 mg/day.
The main monoclonal antibody against EGFR to have been tested in PDA is cetuximab, an IgG1 chimeric antibody. The combination of cetuximab and gemcitabine revealed promising results in a Phase II study; 86 however, in the South-West Oncology Intergroup trial (SWOG-S0205), a randomized Phase III study in patients with advanced pancreatic cancer, the combination demonstrated no survival benefit compared with gemcitabine alone. 87 In addition, EGFR overexpression was found in 92% of patients but did not predict a response to treatment. The addition of cetuximab to the chemotherapy agents gemcitabine and cisplatin also failed to improve OS in advanced pancreatic cancer patients. 88 Panitumumab has also been investigated in a Phase II randomized trial comparing gemcitabine and erlotinib with either panitumumab or placebo. 89 Interestingly, the median OS was significantly improved in the panitumumab-containing arm (8.4 months vs 4.0 months) (P=0.077); however, there was a significantly higher rate of toxicity in this arm and concerningly low rates of survival in the standard arm. A Phase III trial of this combination has not been initiated.
There are far fewer clinical trials investigating agents against HER2, 3, and 4 in pancreatic cancer, probably due to the lack of expression of these targets and limited research thus far in the pancreatic cancer field. A few trials have evaluated trastuzumab in combination with gemcitabine, or other chemotherapeutics, in pancreatic cancer. Unfortunately, there have been minimal effects on either PFS or OS to date. 63, 66 Pertuzumab is an inhibitor of HER dimerization that blocks ligand-dependent heterodimerization of HER2 with other family members. A Phase II trial of pertuzumab and erlotinib in advanced pancreatic cancer patients was terminated early due to excessive toxicity. 90 Another Phase II trial with lapatinib, a small-molecule pan-HER inhibitor, in combination with gemcitabine, was terminated early due to futility at the interim analysis as the patients in the lapatinib arm had progressed early, with a median OS of 4 months. 91 There have been some encouraging Phase II results with a monoclonal antibody, nimotuzumab, which binds with high affinity to the HER receptors. 92, 93 A Phase III trial of nimotuzumab in combination with gemcitabine is still underway. Specific anti-HER3 and -HER4 agents, to our knowledge, are yet to be tested in pancreatic cancer.
Anti-EGFR therapies have also been used in combination with chemotherapy and radiotherapy in the neoadjuvant and adjuvant setting. [94] [95] [96] [97] The largest Phase III study using chemoradiotherapy and EGFR-based therapy, the LAP07 study, was presented at the American Society of Clinical Oncology (ASCO) Annual Meeting in 2013. 98 In this study, 442 patients with locally advanced pancreatic cancer were randomized to gemcitabine alone or gemcitabine and erlotinib. Patients with controlled disease (n=269) were then randomized to 2 additional months of chemotherapy or chemoradiotherapy (using capecitabine). If patients received erlotinib initially, they then received maintenance erlotinib after protocol completion. A planned interim analysis revealed chemoradiotherapy was not superior to continuing chemotherapy in patients with controlled locally advanced pancreatic cancer. The median OS of gemcitabine and erlotinib was only 11.9 months compared with 13.6 months in the gemcitabine-alone arm (P=0.09), with no difference in PFS. There was also increased toxicity in the erlotinib-containing arm. Therefore erlotinib would not be recommended in patients with locally advanced pancreatic cancer.
EGFR therapies have also been used in refractory advanced PDA, with little success. 80, 99 The majority of these studies suffer from small patient numbers, lack of associated translational substudies, and increasing toxicities with increasing number of therapies utilized. In view of all the positive Phase II trial results and subsequently negative Phase III trials in PDA it remains to be determined whether EGFR-directed antibody therapy could be useful in the setting of advanced PDA without a predictive biomarker. It is also difficult to know whether the doses of anti-EGFR agents used are expected to achieve the same level of dose inhibition of the EGFR pathway. In fact, there is very little evidence of the effect the EGFR therapies are actually having on PDA tumors and the pathways that may be down-or upregulated as a consequence of this.
To date, there have been no Phase III studies in pancreatic cancer using selective biomarkers to predict patient response, and few translational substudies from the Phase II and III trials. However efforts are underway to try and identify biomarkers predictive of response to anti-EGFR therapies. A recent presentation revealed that amphiregulin may be of relevance as patients with elevated baseline levels of amphiregulin obtained benefits in both PFS and OS with erlotinib. 100 Although genotype and molecular assessment may be useful in determining which patients are most likely to respond to treatment, the nature of pancreatic cancer makes it particularly challenging to obtain adequate samples for such analyses.
EGFR and resistance in pancreatic cancer KRAS mutations
It would be reasonable to suspect the high frequency of KRAS mutations in PDA could affect the efficacy of EGFR inhibitors, such as the effect seen in colorectal cancers. 101 With a mutated KRAS gene, the KRAS protein remains switched "on", and signaling within the tumor cells continues despite EGFR blockade. The correlation between KRAS status and OS was investigated in the NCIC CTG PA.3 trial. 77 KRAS mutations were examined in 117 patients on the trial and were present in 79% of cases. The HR for erlotinib in this group was 1.07, whereas in patients with wild-type KRAS (21%), the HR was 0.66. This difference did not reach statistical significance, likely because of the small number of patients with wild-type KRAS. 77 The sequencing method may also have affected sensitivity, therefore deeper sequencing of the samples from this study is currently underway using nextgeneration sequencing.
Two recent translational research papers have been published from the Phase III AIO-PK0104 trial, in which both treatment arms contained erlotinib. 54, 83 One paper examined the role of EGFR pathway biomarkers in archival tissue collected from the patients. KRAS mutations were found in 70%, and EGFR overexpression (via IHC) was found in 49% of patients. The researchers also found (via FISH) that 46% of patients had EGFR gene amplification, and 18% had loss of PTEN. There was no correlation between EGFR overexpression and EGFR gene amplification. None of these biomarkers could be correlated with efficacy end points. 
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The second paper examined the correlation between KRAS mutational status and objective response rates, and found that KRAS mutations were not predictive for objective response to anti-EGFR treatment in patients with advanced pancreatic cancer. 102 However, KRAS wild-type status was associated with an improved OS regardless of treatment, which has also been presented in a recent retrospective analysis of cases. 103 In this latter study, patients who received gemcitabine/ erlotinib and had a KRAS mutation had a median survival of 5.2 months, whereas the median survival for patients with wild-type KRAS was 9.7 months. Interestingly, KRAS mutation status was not associated with clinical outcomes in patients who underwent chemotherapy with regimens other than gemcitabine/erlotinib (KRAS mutation, 7.0 months vs wild-type KRAS, 7.0 months) (P=0.21). 103 In summary, studies thus far have shown KRAS status is likely to be a prognostic rather than a predictive biomarker in pancreatic cancer. 77, 102 It would be very helpful to have further information on KRAS and EGFR status from other randomized studies, such as the SWOG intergroup S0205 trial of cetuximab and gemcitabine vs gemcitabine alone. 87 This would provide us with further information on the role KRAS plays in relation to EGFR-based therapies, in a large cohort of patient samples.
Mutations in EGFR
In non-small-cell lung cancer (NSCLC), tumors with activating mutations in EGFR have shown better survival and response to EGFR TKIs. 104 However, in PDA, activating mutations have rarely been reported using basic sequencing technologies. 105, 106 EGFR in-frame deletions were only found in 4% (two out of 55) of patients with PDA, in one study, 105 and no mutations (0 out of 43) in EGFR exons 18-21 were found in another study. 106 A further study analyzed EGFR mutations in nine pancreatic cancer cell lines and 31 resected human pancreatic cancer specimens. 107 This study utilized laser capture microdissection (LCM) to ensure the tumor cells were analyzed and identified silent mutations in 81% of cases, concluding that EGFR mutation status seems to be a less helpful predictive biomarker in pancreatic cancer than in NSCLC. 107 Nuclear expression of EGFR Nuclear EGFR has also been implicated in the resistance to various cancer therapies, including cetuximab and gefitinib. Cell lines resistant to these therapies often express high levels of nuclear EGFR. 108, 109 Preclinically, nuclear localization of EGFR has been shown to play a role, in resistance to radiotherapy and chemotherapy. Recent comprehensive reviews examining the role nuclear EGFR plays in cancer and resistance can be found elsewhere. 29, 110 The nuclear expression of EGFR and the role it could play in resistance to therapies in PDA is yet to be determined. There has been one recent study that examined nuclear and cytoplasmic EGFR expression via IHC in 99 PDA patients. Although the researchers did not report any nuclear EGFR expression in the samples examined, 9 it is important to note that nuclear EGFR is not accurately targeted by anti-EGFR kinase inhibitors and that nuclear EGFR function may be independent of its kinase activity. 111, 112 eGFR and other signaling pathways
Cross talk of EGFR signaling with other signaling pathways can also give rise to potential resistance mechanisms. Similarly, downstream components of the EGFR pathway may play a more significant role in identifying drug-sensitive patients than just cell surface expression. It has been shown preclinically that the PI3K/Akt pathway plays a number of roles in resistance to EGFR inhibitors. EGFR TKI-resistant cell lines of squamous cell cancer maintain activation of the PI3K pathway due to increased activity of the insulin-like growth factor 1 receptor (IGF1R) pathway. The addition of an IGF1R pathway inhibitor to an EGFR inhibitor was found to lead to inhibit of PI3K activity in cell lines and significantly improve responses in xenograft squamous cell carcinoma mouse models. 113 Cross talk between the two pathways has also been examined in pancreatic cancer. 114 However, when this combined approach was translated into a Phase II clinical trial, using cixutumumab (a novel inhibitor of IGF1R), erlotinib, and gemcitabine in pancreatic cancer patients, there was no improvement in PFS or OS. 115 The mammalian target of rapamycin (mTOR), a downstream mediator of the PI3K-Akt pathway, has also been examined in resistance mechanisms to EGFR therapies. In combination with cetuximab or gefitinib, the addition of the mTOR-inhibitor everolimus resulted in a strong reduction of PI3K/Akt activity. 116 However, a Phase I/II study to explore the safety and efficacy of pathway inhibition utilizing cetuximab and everolimus in combination with capecitabine in patients with advanced pancreatic cancer resulted in excess toxicity and low efficacy. 117 Amplification of MET can also lead to EGFR-independent activation of PI3K-Akt, through the activation of HER3-dependent signaling. 118 Examination of tumor samples from lung cancer patients who developed resistance to EGFR TKI therapy revealed MET gene amplification that was not present in tumor samples prior to treatment. 118 MET is known to be amplified in up to 50% of pancreatic cancer patients; however, there has been limited research to understand the interplay between EGFR and MET amplification in this setting. 119 Early-stage clinical trials using MET-inhibitors are currently underway.
Various mechanisms of resistance to anti-EGFR-directed therapies and until recently, lack of predictive biomarkers have limited the use of these drugs as single agents. 112, 120 Recently, there has also been interest in developing therapies that inhibit more than one component of the EGFR receptor family. 18, 121 This has arisen because preclinical research has suggested that using two inhibitors against individual EGFR family members, particularly EGFR and HER2, can lead to distinctly higher antitumor activity than the administration of single agents. 18 An excellent comprehensive overview of current resistance mechanisms to EGFR-based therapies, and potential ways to overcome these has recently been published.
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The future
Pancreatic cancer has proven highly resistant to EGFRtargeted therapies through several postulated mechanisms with EGFR mutational status, gene copy number and EGFR overexpression, as well as crosstalk with other signal transduction pathways implicated in regulating response to treatment. Furthermore, pancreatic tumors are frequently hypovascular and may therefore limit drug delivery. 123 Several recent attempts to overcome resistance mechanisms have provided encouraging results in preclinical models, however their application in clinical trials remains untested. The high attrition rate between Phase II and Phase III clinical trials underscores the requirement for more robust methods of clinically assessing the EGFR pathway. The future lies in well-designed trials that incorporate multiple biological endpoints to assess the novel targets under investigation. It is likely that, rather than providing incremental benefits in all patients, EGFR-targeted therapies will provide significant benefits to a small subset of patients. Without biomarkers to distinguish these subsets we cannot currently recommend the further use of EGFRtargeted therapies for the treatment of pancreatic cancer. However, our increased understanding of EGFR inhibitors and potential biomarkers of their activity, alongside our improved knowledge of the biology of pancreatic cancer, may make targeting EGFR a viable therapeutic option in the future.
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